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L  INTRODUCTION 


This  final  report  describes  an  investigation  of  electromagnetic-wave  propagation  in 
unmagnetized  plasmas  and  its  application  to  the  reduction  of  the  radar  cross  section  (RCS) 
of  a  plasma-filled  enclosure.  Such  RCS  reduction  is  an  example  oi  plasma  cloakinp,  where 
artificially-produced  plasmas  act  as  FM-wave  absorbers  or  retractors,  figure  1  illustrates 
schematically  these  two  clottking  scenarios.  We  have  demonstrated  RCS  reduction  ot  20  to 
25  dB  with  a  prototype  system  at  the  radar  range  at  Hughes  Aircraft's  Microwave  Prtxiucis 
Division  in  Torrance,  The  prototype  consists  of  a  sealed  ceramic  enclosure  with  a 
microwave  reflector  and  a  plasnia  generator  inside  it.  When  the  plasma  is  present,  the  R(i!S 
is  significantly  reduced  over  a  frequency  range  of  4  to  14  GHz.  The  plasmas  are  produced 
by  a  seed-gas/L'V  photoionization  technique  that  permils  indeiieiident  variation  of  the 
plasma-density  profile  and  the  electron  collision  frequency.  As  part  of  the  program,  we 
also  investigated  the  basic-plasma-physics  issues  relating  to  the  absorption  and  retraction  ol 
electromagnetic  (EM)  waves  in  collisional  plasmas.  Wc  demonstrated  absorption  as  hign 
as  63  dB  in  a  section  of  plasma-loaded  C  band  •cciangular  waveguide.  We  al.so  developed 
a  theoretical  nuxlel  for  the  plasma  cloaking  process  that  includes  scattering  contributions 
from  the  plasma-vacuum  interface,  partial  reflections  from  the  plasma,  and  collisional 
absorption  in  the  plasma.  The  theoretical  model  is  found  to  be  in  reasonable  agreement 
with  the  experimental  results  and  can  be  used  to  confidently  design  future  plasma  cloaking 
systems. 

Based  on  the  RCS  reduction,  plasma  cloaking  could  be  used  to  shield  parts  of 
existing  vehicles  having  large  radar  cross  sections  without  major  structural  alterations. 
Costly  redesigns  could  be  delayed  and  the  equipment's  .service  lifetime  within  the  arena  of 
electronic  warfare  would  be  extended.  One  major  advantage  of  plasma  cloaking  over 
conventional  stealth  technologies  is  that  the  plasma  can  be  imiilementcd  as  a  "shuttered" 
cloaking  sysiem  at  is  switched  on  and  off  very  rapidly.  The  plasma  would  cloak  the 
electromagnetic  transmission  systems  by  rapidly  turning  on  the  plasma  when  the 
communication  or  radar  systems  were  not  traii.sn.itiing  or  receiving.  Different  plasma 
cloaking  systems  could  be  developed  for  use  on  ships,  airborne  platlorms,  and  satellites  to 
provide  protection  against  different  radar  threats. 

An  effective  plasma  cloaking  system  successfully  abairbs  and/or  retracts  the 
incident  radiation  to  such  an  extent  that  the  returned  signal  is  obscured  by  background 
noise.  An  inhomogeneous,  unmagnetized,  collisional  plasma can  efticienily  absorb 
ekx’Uomagnetic  waves.  The  EM-wave  fields  accelerate  the  plasma  elecirons  which  collide 


a.)  EM  wave  is  attenuated  by  llie  plasfiia  as  it  is  retlected  from  the  target. 

PLASMA 


RADAR  —►,11 
EM  WAVE  !  I  i 


b.)  EM  wave  is  refracted  arouiul  the  cloaked  target. 


I'lgure  1  Plasma-cloaking  scenarios. 


with  the  background  gas  molecules,  thereby  iransreiring  eiiergy  troin  the  I'AI  wave  to  the 
gas.  In  the  absorptive  plasma-cloaking  scenario,  shown  in  Figure  la,  where  a  target  is 
surrounded  by  tan  absorptive  plasma,  the  liM-wave  makes  two  passes  through  the  plasma 
as  it  irradiates  and  is  rcl'lected  Irom  the  target,  Uising  energy  in  each  pass.  The  total  RCS 
rcdtiction  in  this  scenario  is  depciuletit  on  several  parameters  such  as  the  pla.sma  volume, 
the  EM-wave  frequency,  the  mometitum-transfer  collision,  frequency,  and  the  plasma 
density.  In  the  refractive  plasma-cloaking  scenario,  shown  in  F'igure  lb,  the  incident  H.M- 
wave  is  scattered  by  the  changiitg  dielectric  constant  within  the  pla.sma,  thus  minimizing  the 
interaction  with  the  target. 

1.1  Summary  of  Experimental  Results 

Hughes  approach  to  the  invcstigaiion  of  plasnui  cloaking  during  the  first  year  of  our 
program  was  to  measure  the  transinissioii  and  rellection  of  HM  waves  propagating  in  a 
section  of  plasma-loaded  rectangular  waveguide  and  their  variance  as  functions  of  the 
plasma-density  profile  and  momeiituni-transfcr  collision  rate.  E.xpcrimental  results  were 
compared  with  the  theoretical  model. 

Significant  theoretical  and  experimental  jirogress  has  been  made  liuring  the  course 
of  our  program.  The  following  items  describe  our  results  during  the  first  year. 

•  Assembled  glass-"!'"  vacuum  vessel,  mechanical  vacuum  pump,  and  seed-gas  and 
background-gas  fow  and  monitoring  system. 

•  Assembled  spark-gap  modu'ator  with  1.5-kV  liigh-voltage  iiowcr  supidy  and 
ignitron  switch. 

•  Eabricated  and  operated  preliminary  ihrec-gap  spark  lurtiy  with  tungsten  clecirixics. 

•  Demonstrated  plasma  production  using  1) V-ptioioioniz.aiion  of  an  Ar/Ile 
seed/baekground-gtis  mixture. 

•  Eabricated  and  cold  tested  C-baiid  waveguide  seetiou  wntli  75'^  transparent 
sidewalls  with  perfonnanee  aeeuralely  predicted  by  thcoreliea!  analyses. 

•  A.ssembled  and  operated  liM-wave  transmission  and  monitoring  network. 

•  Measured  63  dB  maximum  attenuation  for  4-C)llz  signal  transmitted  il. rough 
plasma.  The  same  plasma  profile  provides  >38  dl3  from  4  through  (i  Gl  Iz,  theieby 
validating  the  broadband  ab.sorber  concept. 


•  Measured  attenuation  as  functions  of  collision  frequency  and  plasma  density  (i.e., 
spark current).  ITic  scaling  is  consistent  with  our  absorption  model. 

During  the  second  year,  we  applied  the  knowledge  we  gained  Irom  the  first  year 
experiments  on  plasma  production  and  1-M-wavc  absorption  to  tlic  development  and 
demon.siration  of  a  plasma-cloaking  prou  e.  The  second-year  milestones  are  listed 
below. 


•  Assembled  ceramic  enclosure  with  perforated  microwave  rellectc.r  and  spark-gap 
array. 

•  Ensured  proper  operation  of  plasina-genenuion  incchanistn  within  the  ceramic 
enclosure. 

•  Measured  up  to  37  dH  attenuation  of  rellect'-d  microwave  signal  from  the  plasma- 
filled  enclosure  in  laboraioiy'-based  two-hon.  microwave  scattering  experiments. 

•  Measured  RCS  reduction  (RCSR)  of  the  pla.sma-filled  enclosure  using  the  cotnpact 
radar  range  at  Hughes-MPD.  The  RCSR  was  from  20  to  25  dB  over  the  frequency 
range  of  4  to  14  GHz. 

•  Compared  RCSR  measurements  to  a  theoretical  one-dimensional  plastna-filled 
enclosure  model. 

In  the  following  sections  we  will  review  our  technical  progress  in  understanding 
and  demonstrating  the  basic  physics  of  collisional  EM  wave  ab.sorption  and  its  application 
to  the  plasma-cloaking  prototype.  In  Section  2  we  pre.sem  the  theoretical  considc  aions  for 
our  program  starting  with  a  simple  absorption  nuxlel  of  a  plasma-cloaked  target.  Imponant 
topics  include  quantification  of  reflection  from  a  plasma-vacuum  iiucifacc,  propagation  i'l  a 
plasma-filled  waveguide  and  the  physics  of  the  pla.sma-filled  1-abry-Perot  resonatoi  as  it 
relates  to  multiple  reflections  in  the  plasma  filled  enclosure.  Section  3  follows  with 
discussions  related  to  the  program's  cxiieriincntal  design  aspects,  l-orcmost  among  tlie.se  is 
the  plasma-production  technique.  In  Section  4  we  present  our  results  from  the  plasma- 
filled  waveguide  experiments,  including  attenuation  scaling  with  radiation  freiiucncy, 
monicntum-transfcr  collision  frequency  and  plastna  density.  Tlie  results  are  eoinpared  to 
the  predictions  of  the  imxlel  treated  in  Seeiion  2.  f  inally  in  Section  .5,  we  present  the 
details  of  the  RCSR  measurements  made  of  the  plasnia-filleii  eeramie  eiielosure  at  ilie 
I lughes-  MED  rad,ar  range. 
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2.  THEORY  OF  EM-WAVE  PROPACJ A TION  IN  AN 
UN  M  AGNETIZED  PI.  ASM  A 


2.1.  Basic  Theory 

In  the  luialysis  tliroughout  this  section,  we  assume  that  the  election-neutral  ctillision 
frequency  in  the  plasma  is  such  that  the  mean  free  path  between  collisions  is  much  smaller 
than  the  Debye  length.  Thus,  any  collective  plasma  interactions  are  elfectively  quenched  by 
collisions.  This  is  equivalent  to  requiring  that  the  election  temperature  is  very  small.  If  th.is 
were  not  the  ease,  then  it  would  be  possible  for  liM-waves  to  lose  energy  to  the  plasma  by 
exciting  electrostatic  waves  'I’hcrclore,  hairing  any  interaction  with  plasma  waves,  an 
EM-wave  will  pass  through  a  uniform,  collisionless.  uiimagnetized  plasma  without  any 
attenuation  provided  the  EM-wave  angular  frequency  e.sceeds  the  plasma  frequency 
defined  by  tOf/z)  -  wlicre  'V  is  the  election  mass,  e  is  the  electron  ciiarge, 

fo  is  the  free-space  permittivity,  and  iio  is  the  plasma-electron  (.iensity.  In  the  case  where 
the  radiation  is  incident  on  an  overdense  plasma  such  that  LOp>tOi,,  the  E.M-wave  is  totally 
reflected.  If  the  plasma  density  varies  with  ihe  longitudinal  coordinate  e,  then  the  wave  is 
totally  renecicd  at  the  point  where  the  plasma  density  exceeds  a  critical  value  detennined  by 
0)p=0)o- 

In  contrast  to  the  collisionless  plasma,  a  collisional  pla.'-ma  will  attenuate  an  EM- 
wave;  also  the  wave  will  never  be  totally  reflected  because  the  collisions  modify  the 
propagation  constant  to  be  com[)le.\,  thus  preventing  t!ie  real  part  from  vanishing  in  an 
overdense  plasma.  The  dielectric  constant  for  an  unmagneti/.cd,  cold  (i.e.,  7,.  =  d  )  plasma 
can  l>e  derived  from  the  Eorentz  etiuation  ot  motion 

d‘r  dr 

ni^, — ^  =  v.m.. —  ,  (I) 

dr  "  dl 

where  r  is  the  three-dimensional  electron  position  vector,  li  is  the  electric  lield  of  the  E.M 
wave,  i .  the  electron  electron-neutral  ci>llision  frequency,  and  '  =  f-//  -.  Using  h 
E^/’xp:  we  can  .solve  for  r, 


_ eds _ 


(2) 


If  wc  coiK'iidcr  the  onc-dinicnsioiial  ease  where  the  plasma  density  varies  uiily  in  the 
dircetion,  tl.e  cniiduetivity  can  lie  written  as 


n,.('  itr  v,.  —  i(0^, 

l\  (it  //»,.  V'" 


(3) 


In  general,  the  eleetron  density  in  this  expression  is  a  fiineiion  of  the  spatial  position, 
=  n^(2).  lire  dieleetrie  eonstaiu  C  may  he  written  in  terms  of  the  eonduetivity  as 


=  I  - 


Therefore,  the  dieleetrie  eonstaiu  fp  for  an  eollisional.  unmagneti/.ed,  eold  plasma  is 
complex  and  has  the  fonn 


Cp  - 1 


(o: 


io: 


(wj  +  I/- ) 


(3) 


When  V(:=d,  Equation  (5)  reduees  to  the  well  known  expression  for  the  dieleetrie 
constant  of  a  collisionless  plasma  Cp  =^l  which  goes  negative  in  an  oveniense 

pla.snia.  The  propagation  constant  (k)  for  an  I’.Vl-wave  in  the  eollisional  plasma  is  complex 


i> 


—  kr  +  ik, 


fh) 


where  k(,  =  cOqIc  is  the  free-spaee  waveiuimber,  and  k,.  and  k^  are  the  real  and  imaginary 
part.’-  of  the  wavenuml/er,  respectively.  It  is  not  possible  for  either  part  of  k  to  vanish 
except  when  v^  ~l).  Solving  liquation  (6)  for  the  real  and  imaginary  parts  oi  k  yields 

=  A„reos((p/ 2)  (.7) 

and 

A-,  =  A-,,rsm(0/2) 

rcs[x:clivcly,  where  r  and  0  are  defined  as 


r  — 


iOp 


1/4 

I 


(1 


and 


<P  = 


+  K 


given  the  defiiiitioii  I'or  the  pliase 


Re(i-)>() 
Re(r)  <  0 


00  =  tan 


■v^-coy  co„((o;,  + 


(10) 


The  real  pan  of  k,  indicates  the  liM-vvave's  rate  of  spatial  oscillation  while  the 

imaginary  part  of  k,  expresses  the  field's  decay  rate  as  the  wavt:  moves  through  the 
absorptive  medium. 


2.2.  Colltsional  Absorption  by  a  Plasma 

Electromagnetic-wave  propagation  in  a  dielectric  media  is  governed  by  the  wave 
equation 

r  k'(/.)E(/,)-() 

d/-  .  Ill) 


We  employ  the  WKB  method^  to  derive  an  approximate  solution, 


E(/.)  --  E„e.\p 


which  is  valid  in  any  region  where 


_L  ^ 

k'  dz 


(( 


112) 


(13) 


which  requires  that  the  wavenumber  change  very  little  over  a  distance  of  (.)ne  wstvclciigth. 
Ttiis  condition  is  easily  satisfied  by  all  but  the  sharpest  iilasina  gradients,  or  when  the 
w'avenumlxir  approaches  zero  (i.e.,  at  waveguide  cutoff). 


2.2.1.  Attenuation  in  a  uniform  plasma 

Eor  an  infinite  plasma  of  uniform  density.  Equation  (.12)  Yields  an  ex  'lessioit  for 
the  EM-w'ave  powxr  a.,  a  function  of  distance 
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i2k,z 


(14) 


r(z) 


where  is  the  power  at  r  =  0.  The  expression  can  be  rearranged  to  yieUi  a  fonmila  tor 
the  attenuation  in  the  medium 

Aiicnuav.on  Ian  -  |2  x  lOlogjy'tOl^'j  (ItS) 

Therefore  the  attenuation  is  proportional  to  the  imaginar;'  part  of  tlie  proptigation  ecnsiant 
of  Equation  (6).  The  form  of  A:,  given  in  Equation  (8)  does  not  lend  itselt  to  easy  analysis. 
It  is  useful  to  examine  the  form  of  k  in  tlie  extreme  limits  where  o,.  0  and 
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1  +  4- 


(o: 


(o: 


* 


(o: 


1  ' 


'!)(■)  -  4(U 


2  \ 


(lb) 


lint  k 

V,.  •'»() 


1  1 

i 

1  "  (  -)  .  ^  “t  \ 

V'e 

J 

;  !  2  /'  2 

f  (Op  ~  1 


(o: 


t-4 


(0. 


i  ^  \  ‘ 


(Op  >  (1). 


(17) 


(Op  <  (Op 


From  Equations  Ub)  ;ind  ( 17),  it  is  seen  that  the  imtiginary  par>  of  the  propagation 
constant  vanishes  as  the  collision  frequency  approaches  the  extreme  limits  of  zero  or 
infinity  given  the  condition  that  (Op<(Op.  Figure  2  plots  the  vibsorpiion  constant  in  dB/cm 
for  F)M-waves  of  various  frequencies  proptigating  in  a  uniform  plasma.  As  predicted  by 
Equations  (16)  and  tl7),  I'igure  2  shows  that  the  ab.sorption  tciuis  to  zero  tis  the  collision 
frequency  approaches  the  extreme  limits  except  when  iOo<(Op.  F'urtherinore  and  most 
importantly,  there  is  a  peak  in  the  absorption  when  v',  m,,.  These  features  are  easily 
underskKid  in  terms  of  the  simple  model  of  a  plasma  elecirnii  being  oscillatcal  by  an  E.M 
wa\  e  and  inqieded  by  collisions  w  ith  Ixickgroitiid  atoms.  .As  the  EM-wave  moves  into  the 
plasma,  its  electric  field  oscillates  the  electrons.  It  there  are  no  collisions,  the  electrons  act 
as  a  lossless  dielectric.  How'cver,  when  a  collection  of  neutrtil  background  atoms  are 
present,  the  electrons  will  collide  w  ith  and  transfer  their  kinetic  energy  to  the  background 
atoms.  The  energy  transfer  is  critically  dependent  on  the  phase  of  the  election  s  oscillation 
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I 
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Absorption,  dB/cm 


Collision  Frequency,  GHz 


Figure  2  Attenuation  of  FM  wave  by  collisional  absorption  in  a  uniform  plasma  with 
fn  =  3.2  GHz  corresponding  to  a  plasma  density  of  10’ '  ■•nr  \  Figure  2 
plots  the  absorption  vs  collision  frequency  for  a  number  oi'  radiation 
frequencies.  The  curves  show  that  the  absorption  reaches  a  nctik  when  the 
collision  frequency  is  near  the  radiation  frequency. 
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cycle  when  the  collision  occurs.  It"  an  electron  suffers  a  collision  when  it  has  maximum 
kinetic  energy  (at  a  quarter  way  through  its  oscillation  cycle),  then  the  energy  transfer  is 
most  efficient.  Therefore  we  can  expect  the  net  energy  transfer  to  be  the  maximum  when 
the  collision  rate  is  roughly  equal  to  the  EM-wave  frequency  and  a  requiremeni  for  good 
absorption  is  Vc~u)o. 

When  Vc»0)(j,  the  absorption  properties  are  very  poor  because  the  elecuons  have 
acquired  very  little  energy  before  they  collide  with  neutrals.  This  is  verified  by  Equation 
(16)  which  shows  that  in  the  limit  of  large  vy.  In  the  limit  of  v,-<<a)y,  the 

collision  rate  is  so  low  that  the  electrons  simply  oscillate  in  the  EM-wave  fields  unimpeded 
and  little  energy  is  dissipated. 

2.2.2.  Attenuation  in  a  non-uniform  plasma 

To  find  the  wave  attenuation  in  a  non-uniform  plasma,  we  use  Equation  (12)  and 
calculate  the  integral  over  the  E.M-wave's  path.  For  an  EM  wave  which  enters  a  pla.sma  at 
2  =  Zo,  propagates  to  a  reflecting  target  at  c  =  zi,  and  then  rcttirns  through  the  plasma, 
we  estimate  according  to  the  WKB  approximation  that  the  net  reflected  power  is 

P=  P„exp|-4j^'lm[k(z')]d7.'|  (18) 

and  the  attenuation  in  dB  is 

Atteriuation(dB)  =  17..^6j  Tm[k(z')]d//  •  (19) 


2.2.3.  Attenuation  'ii  a  plasma-loaded  waveguide 

It  is  much  easier  to  make  EM-wave  transmission  and  reflection  measurements  if 
they  are  done  in  a  transmission  line  or  waveguide  ratlier  than  in  free  sptice.  In  our 
investigation  of  the  effects  of  plasmas  on  EM-wave  propagation,  we  have  used  a 
waveguide  to  perform  the  measurements.  Therefore  it  is  important  to  understand  the 
differences  between  the  phisma  attenuation  in  the  waveguide  and  free  spttce. 

In  the  waveguide,  the  complex  propagation  consttint  k  become- 

=  f,Az)k,r  k,-  (20) 
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where  kc  is  the  vacuum  cutoff  wavenumber  of  the  waveguide.  For  a  collisionless  plasma, 
the  EM-wave  propagation  constant  is  equivalent  to  that  in  a  waveguide  with  cutoff 

wavenumber  equal  to  -\jk^  j  .  As  in  free  space  propagation  through  a  plasma,  the 

effect  of  collisions  is  to  remove  the  possibility  of  k^-O  ,  thus  eliminating  the  phenomenon 
of  total  reflection  at  the  cutoff  frequency. 

The  absorption  calculations  now  proceed  in  the  same  manner  as  before,  except 
with  Equation  (20)  used  as  the  wavenumber.  Figure  3  compares  the  attenuation  for  a 
uniform  plasma  in  free  space  and  a  C-band  rectangular  waveguide.  It  is  evident  that  the 
absorption  is  always  higher  in  the  waveguide  given  the  same  plasma  and  radiation 
parameters.  This  difference  is  more  pronounced  as  the  radiation  frequency  approaches  the 
waveguide's  cutoff  frequency. 

2.3.  Reflections  from  a  Plasma-Cloaked  Target 

Figure  4  illustrates  the  st;uidard  plasma-cloaking  scenario.  A  highly  rellective  target 
located  at  z=z/  is  sumounded  by  a  plasma  which  extends  from  to  the  target.  As  shown 
in  the  figure,  the  plasma  typically  reaches  maximum  density  at  the  target  and  gradually 
decreases  in  intensity  as  a  function  of  distance  from  the  target.  The  density  also  suffers  a 
sharp  decrease  to  ng=0  at  z=zc;  due  to  the  walls  of  a  plasma  confinement  vessel.  There  are 
three  contributions  to  the  reflected  EM-wave  power  in  this  scenario 

1)  Reflections  from  the  vacuum-plasma  interface.  Some  power  will  be 
reflected  at  die  media  discontinuity. 

2)  Partial  reflections  from  the  bulk  plasma  volume.  These  are  EM  waves  that 
are  weakly  retlected  from  the  plasma  density  gradient. 

3)  Target  reflection.  This  is  the  E.M-wave  power  that  is  renected  from  the 
target,  while  being  attenuated  by  collisional  absorption  in  the  plasma. 

The  relative  values  of  these  reflected  powers  determines  whicli  of  them  is  the 
limiting  factor  for  RCS  reduction.  For  example,  it  is  pointless  to  attenuate  tlie  target 
reflections  to  be  negligible  compared  to  the  other  renections  since  the  RCS  reduction  is 
detennined  by  the  combination  of  the  all  the  renections. 

2.3.1.  Reflection  from  a  .sharp  vucuuni-plasmu  interface 

Figure  4  shows  an  EM  wave  hicident  on  a  plasma  with  a  sharp  boundary  at  z  =  ^^y 
The  power  reOected  from  a  sh;u-p  plasina-vaeuam  interface  can  lx;  computed  by  the  Fresnel 
formula 


Attenuation,  dB/cm  ct  Attenuation,  dB/cm 


f  =  4.5  GHz. 

5.5  GHz 


6.5  GHz. 

7.5  GHz 


Collision  iTcqucncy,  GHz 


Figure  3  Attenuation  of  13VI  wave  tran.smitied  through  (a)  a  frec-spacc  phisnia,  and 
(b)  a  pla.sma-loadcd  C-band  wavcguule  with  ;i  3.2-GHz  vacuum  cutoff 
frequency.  The  EM-wave  frequencies  range  from  4.5  to  7.5  GHz  and  the 
plasma  frequency  is  3  GHz.  'I'he  absorption  is  greater  in  the  waveguide 
and  the  optimum  collision  frequency  is  shifted  to  Ics.ser  values. 
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Figure  4 


A  target  surrounded  by  a  plasma  witli  an  Fpsteiu  prot  ile.  The  incident  EiM- 
wave  power  is  retlected  by  the  plasina-vaciuiin  interlace  (Fri),  the  density 
gradient  in  the  bulk  plasma  (,Pr2).  tind  by  the  target  (Pr,^)- 
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(21) 


where  P^j  is  the  reflected  power,  P^  is  the  incident  pow'cr  and  is  tlie  plasma  dielectric 
constant  at  i-io-  Figure  5a  the  shows  the  scaling  of  the  reflected  power  vs 
fcifp  (=  given  by  Equation  (21).  For  the  collisionless  plasma,  total  reflection 

occurs  when  coJeOp  <  1,  and  the  reflected  power  drops  for  (OjeOp  >  1 .  When  collisions 
are  included,  the  wave  always  penetrates  into  the  plasma  and  is  attenuated  by  the  plasma. 
The  reilected  power  is  greatly  reduced  as  v,-  increases  ,  even  when  coa/cop  >  I .  In 
conclusion,  it  is  routine  to  reduce  the  refection  from  the  interface  by  30  dB  or  more  by 
judicious  choices  of  the  plasma  parameters. 

2.3.2.  Reflections  from  the  plasma  density  gradient 

The  fraction  of  the  EM-wave  power  (P()  that  peneuaics  beyond  the  vacuuir.-plasma 
interface  is  partially  reflected  by  density  gradients  in  the  plastna  volume.  Although  this 
process  can  be  treated  numerically,  exact  solutions  to  the  EM-wave  differential  equation 
may  be  obtainetl  for  certain  density  profiles.  One  such  profile  is  the  Epstein  plasma-density 
profile  given  by 

n^.tz)=  n„(l .  (22) 
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where  n^,  is  the  peak,  electron  density  at  z=4-ooand  o' is  the  scale  length  of  the  gnidient.  An 
example  of  the  Epstein  profile  is  shown  in  Figure  o  for  different  values  of  o.  The  power 
reflection  coefficient  for  nonnal  incidence^  is 
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where  Pis  the  complex  gamma  function  and  c  is  the  |)lasma  dielectric  constant  cvalutitcd  at 
infinity.  If  a  =  U,  then  F.quatioii  (23)  reduces  to  the  I  resnel  fonmila  of  Equation  (21 ). 

In  the  scenario  of  higurc  4  the  pla.sma  has  much  less  than  infinite  extent,  however 
we  argue  that  Equation  (23)  will  give  good  approximate  results  for  the  density-gradient 
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Return  Loss,  dB  Return  Loss,  dB 


(a) 


LM-wavc  rcHcction  from  a  plasnia-vacuuin  interface  for  different  electron- 
collision  frequencies  and  l-.Vl-wave  frequencies.  (;i)  I’lie  boundary  is 
infinitely  sharp  (o  =  0).  (b)  The  boundary  has  t  sliglit  softening  of  the 
density  gradient  (a=;A./15).  (7  is  the  scale  length  of  the  plasiua-dcnsity 
gradient. 
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L'igure  5 


Plasma  Density,  A.U. 


1.0  h- 


—  a  =  20  cm 

—  CT  =  10  cm 

. a  -  5  cm 

- CT  =  1  cm 


Distance,  cm 


Figure  6 


Tlic  F.pstciii  protile  represents  a  plasma  liciisiiy  profile  that  can  be  st)ivcti 
analytically  for  the  partial  rencction  from  the  plastiia  density  gia.dient.  The 
sluirpness  of  the  gradient  is  determined  by  the  cfiaracteristic  length  c7. 
Several  profiles  arc  shown  in  the  figure  cones]K)nding  to  thffcrcnt  values  of 
o.  'fhe  plasma  density  goes  from  5%  to  ot  its  jieak  vaUie  with  a 
distance  of  (iCT. 


rcllcctions  as  long  as  the  plasma's  extent  is  several  times  larger  tliaii  a,  the  gradient  scale 
factor.  Figure  5b  plots  various  values  of  v^./f^,  for  a  ==  (l/15)/\.j,, 

where  it:  the  EM-wave's  free-space  wavelength,  liven  though  this  grtidieni  scale  length 
is  small  with  respect  to  a  wavelength  and  0)^/tOp  <  1.  the  partially  retlected  power  is  still 
greatly  reduced  by  collisions.  It  is  also  important  to  note  that  the  WKB  condition  is  still 
satisfied  for  this  particuhu'  case. 

2.3.3.  Total  reflection  from  the  plasma-cloaked  target 

The  total  reflected  EM-wave  power  is  a  combination  of  the  power  reflected  trom  the 
vacuum-plasma  interface,  the  ptulial  reflections  from  the  bulk  plasma,  and  the  collisionally 
attenuated  waves  reflected  b)  the  target.  An  exact  calculation  oi'  the  combination  of  these 
mflections  is  not  available  analytically  Ivcausc  the  effects  of  multiple  reflections  makes  it  a 
very  complicated  situation.  However,  an  upper  limit  for  the  rcflcLied  power  is  computed 
by  summing  over  the  electric  fields  of  the  component  relleciions,  calculated  from  Equations 
(18),  (21)  and  (2.')),  and  assuming  that  they  are  all  in  phase.  Figure  7  displays  this 
approximation  to  the  total  reflected  power  versus  l:.Vl-wavc  fretiuency  for  an  EM-wave 
incident  on  a  target  sun-ounded  by  an  Epstcin-protile  plasma  that  extends  to  z  = 
Figure  7a  shows  how  the  plasma  profile's  shape  affeets  the  attenuation.  As  seen  in  the 
plots,  the  reflected  power  is  high  at  the  low-  and  high-frequency  ends  of  the  spectrum.  The 
low-frequency  end  has  high  reflection  due  to  reflection  from  the  density  gradient, 
'fherefore,  the  reflections  at  low  E.M-wave  frequencies  are  more  efficiently  reduced  by  the 
plasma  profiles  with  greater  o  values  due  to  he  larger  size  of  the  [ilasma  relative  to  the  Ir.M 
wavelength.  The  wave  reflects  strongly  at  high-frequency  end  because  the  plasma 
absorption  dee  eases  rapidly  as  the  frequency  increa.ses  as  seen  in  Figure  2.  F'igurc  7b 
shows  how  the  reflected  power  is  affected  by  the  electron  collision  frequency.  'Fhese 
calculations  agree  with  those  published  by  Vidmar-\ 

2.4.  The  Plasma-Filled  Fabry-Perot  Resonator 

The  effects  of  multiple  reflections  from  the  vtirious  interfaces  was  ignored  in  the 
previous  section  for  the  sake  of  simplicity.  However,  miilti|)le  reflections  can  be  very 
important  in  a  plasma-cloaking  system  as  demonstrated  by  the  data  taken  on  the  plasmti- 
filled  enclosure  of  Section  5.  In  order  to  understand  the  complications  introduced  by 
multiple  intei faces  in  a  [ilasina-cloaking  scenario,  this  section  treats  the  problem  of 
reflection  from  a  plasma-t  illed  F’tibry-Perot  resonator. 
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Tlic  I'abry- I’crot^"^  resonator  is  a  pair  of  partially  rellcctin^  parallel  plates.  In  this 
example,  we  assume  that  the  space  between  tlie  plates  is  filled  with  a  uniform  plasma  and 
that  the  back  plate  is  totally  relleetive.  An  MM-wavc  is  incident  on  the  front  plate.  Some 
the  wave's  power  is  reilected  from  the  front  plate  while  the  rest  penetrates  into  the 
resonator  making  multiple  relleetions  between  the  plates.  A  portion  of  the  wave  exits  the 
resonator  each  time  it  strikes  tlie  front  plate.  The  power  retleetion  eoeftleient  is 


2  ,  -4; /.  ,  T  -ILL  ,  , 

r  +('  ‘  +2/e  ‘  L'os(2k^L) 

1  +  eos(2/;^L) 


(24) 


where  r  is  the  retleetivity  from  the  cavity's  front  interface  aiul  the  rear  interface  is  assumed 
to  be  totally  reneetive.  Tlie  plasma's  properties  are  containcti  within  ki  and  Av.  tlie 
imaginary  and  real  parts  of  the  HM-wave  propagation  constant  in  the  plasma,  hor 
simplicity,  the  following  discussion  will  ignore  the  complex  character  of  r  and  will  treat  it 
as  a  real  number. 


The  effects  of  multiple  relleetions  are  revealed  by  inspection  of  liijuation  (.24).  I'or 
example,  if  r  is  equal  to  the  single-pass  absorption  and  2krL=n3K,>K,...  then  all 

the  power  is  absorbed  witliin  the  cavity  and  there  is  no  rellection.  In  contrast,  when 
2krL-0,2K,4K,...,  the  rellected  power  is  (1  dB  higher  than  reflection  from  the  front 
interface  alone.  In  the  limit  c'‘^=t  ,  there  is  no  attenuation  and  100%  of  the  power  is 
reflected  from  the  cavity.  In  the  opposite  extreme  where  the  back  interface  is 

effectively  cloaked  and  nearly  all  of  the  rellected  signal  is  from  the  front  interface. 

1-igure  8  plots  the  return  lo.ss  vs  freiiucncy  for  various  ratios  oWr-^^-ir  .  When  the 
ratio  is  near  1,  the  return  loss  h;is  [uominenl  peaks  and  valleys  ticross  the  spectrum.  As  the 
ratio  approaches  0  (See  Figure  8a),  the  rellection  lixrin  the  back  interface  becomes  dominant 
and  the  return  lo.ss  approaches  zero.  As  the  ratio  becomes  large,  the  back  plate  is 
effectively  cloaked  by  the  plasma  and  reflection  from  the  from  plate  is  dominant  tind 
constant.  The  rellection  coefficient  is  then  determined  by  the  front  plate's  reflection 
coefficient. 
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I'igurc  8  Rcncciion  I'rom  a  plasnia-nilcd  I'abry-Pcioi  rcsunator.  Rctlcciion  tVoiii  a 
plasma-tilled  1-abry-Pcrot  resonator  can  be  eliminated  completely  by 
appropriate  choice  ot  the  front  interface  reflection  coefficient  (r  )  and  the 
sinitle  pass  absorption  The  figures  jilot  the  return  loss  of  a  signal 

renected  frr)in  a  resonator  with  15-cin  [date  scparati(.)n  ami  r  -.1  .  In  I-igurc 
8a  the  return  loss  is  plotted  for  several  values  of  the  absor[)tion  showing 
how  the  reflection  is  constant  at  high  plasma  density  and  as  the  density  is 
lowered,  the  rellection  .s  driven  very  low  as  the  resonant  absorption 
coiKlition  is  reaclieti.  l-'igure  8b  shows  luiw  the  return  Uiss  behaves  as  the 
plasma  density  continues  to  decrease,  biveniually  there  is  no  ab.sorption 
and  total  re  Heel  ion  i.)ceurs. 
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3.  iiXPKRlMKNTAL  DKSKJN 


In  this  section  we  lioscribo  llio  tccliiuquc  used  for  producing  and  diagnosing  a 
volumetric  plasma  to  be  useii  in  the  subsequent  experiments  on  l^M-wave  absorption  in  the 
plasma-filled  waveguide  and  the  RC'S  reduction  of  the  plasina-fillcd  enclosure. 

3.1  Plasma-Production  Technique 

The  plasma-production  technique  is  designed  to  allow  independent  variation  ot  the 
plasma  density  and  the  electron  collision  frequency.  We  used  a  L' V-sustained  plasma- 
generation  technology  to  produce  the  required  plasma  densities  and  plasma-density 
gradients.  Hughes  Research  laiboratories^^'  has  previously  pioneered  this  tecliniqiie  for 
producing  spatially  controllable,  moderate-density  plasmas  within  a  liigli-prcssure  gas  for 
gas-laser  diseharges.  The  technitiue  utilizes  LiV  photoioni/.ation  of  a  low  ionization- 
potential  seed  gas  at  relatively  low  concentration  in  conjunction  with  the  high-pressure  gtts. 
This  approach  pennits  us  to  independently  vary  the  phisnui  density  and  the  electron 
colli.sion  frequency  in  order  to  detennine  the  ptirameters  that  optimize  l-.\i-wave  absorption 
and  refraction.  The  UV  is  generated  by  a  high-voltage  di.scliarge  across  an  array  ol'  spark 
gaps.  The  spark-gap  array  is  described  in  detail  in  Section  4. 

The  UV-sustained  discharge  technique  was  cho.sen  Ix'cause  it  decouples  the  plasma- 
production  and  electron-collision  processes,  unlike  other  conventional  voliiine-ioni/.ation 
schemes,  such  as  rf  discharges,  which  involve  the  dissociation  of  the  background  gas  to 
form  plasma  electrons  and  ions.  We  developed  the  U  V-siisiained  tiiseharge  technique  at 
URL  under  an  earlier  DARPA-supported  program  to  produce  a  volumetiieally  sealable 
discharge  for  e.vciting  high  pressure  CH-i  lescrs^^^  In  that  inogram  a  (.X)2/.Np/l  le  mixture 
at  near  atmospheric  pressure  was  seeded  with  a  small  eoneeiuraiion  of  a  low-ionization- 
poiential  organic  molecule  (tri-n-propylamine)  and  illmniiKiied  with  L'V  raiiiation  from  a 
spark-gap  array.  Photoionized  electron  densities  >lOl-  enr^  were  produced  throughout  an 
atmo.spheric-pre.ssure  baekground-gas  volume  of  about  20  liters. 

In  our  present  experiments,  we  found  tli.it  a  seed/baekground-gas  mixture  of  Ar/l  le 
provides  satisfactory  plasma-produetion  rates.  Tliis  gas  mixture  gie.itly  singilifies  the 
cxpcrimcnttil  apparatus  since  other  eaiuliiiate  seed  gases  woiiki  rerjuiie  speci,!!  handling 
Ixcause  of  their  toxicity.  Tlic  1.  V-phoioioiii/alio:i  cross-sections' '  as  iLiiictions  of  photon 
energy  for  several  inert  gases  are  sliowii  in  l-iguie  9.  Photons  with  energies  between  21 
and  16  cV  penetrate  the  high-pressure  lie  gas  and  ioni/.e  the  .Xr  seed  gas.  We  have  found 
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empiricaily  that  LiV  emission  from  the  spark  gaps  described  in  Section  4  lias  sufficient 
intensity  in  tins  spectral  regime  to  induce  satisfactory  ionization.  We  can  estimate  the  size 
of  the  ionized  volume.  Tlie  UV  radiation  intensity  will  obey  an  exponential  decay  law 

/(.0  =  /f,<’  ^  ^2.S) 

where  I{x)  is  the  intensity  at  position  .i.  /,,  is  the  intensity  at  the  spark  gap  at  x-0,  and 
^  =  (760lfxPAr),  is  the  UV  absorption  distance,  where  j-l  is  the  absorption  coelTieieiU  in 
cm'*  shown  in  Figure  9,  and  Pj\r  is  tiie  argon  seed-gas  pressure  in  Torr.  The  plasma 
density  is  then  proponiona'  to  derivative  of /(.ij  with  respect  to.x, 

.  ,2« 

(Lx  ij 

In  our  experiments,  we  typically  used  Argon  pressures  from  lOt)  to  400  m  I  oit;  if  we  use 
fi  =  6(K)  env*  we  find  that  ^  varies  from  12.7  to  3.2  cm. 

It  was  not  possible  for  us  to  estimate  the  plasma  density  prior  to  doing  the 
experiments  as  there  were  several  unknown  factors  involveti  in  the  calciilalion  including  the 
spark-gap's  UV  spectrum  and  efficiency  and  the  impurity  concentration  ni  the  gas  mi.xture. 
In  practice,  empiricai  observation  of  the  plasma  properties  were  tiie  fastest  way  to  opiiiiiize 
the  plasma  generator.  However,  we  were  able  to  estimate  the  optimuiii  argon  pressure 
based  on  manipulation  of  Fquation  (26).  Simple  analysis  yields  the  condition  for 
maximum  plasma  density  at  a  fixed  point  .i,  to  occur  when  g=.x.  Therefore,  the  optimum 
pre.ssure  is  P,\r=7()()  Torrlxj.i.  In  the  plasma-filled  waveguide  exiierinieiits  (See  Section  4), 
the  distance  from  the  spark  gaps  to  the  waveguixle  axis  was  10  cm,  thus  the  optimum  argon 
pressure  is  predicted  to  lie  within  the  range  from  UK)  to  200  m  Torr  depending  on  the  value 
of  /t  used. 

During  the  experimental  measurenienis,  questions  were  raised  as  to  whether  the 
plasma  was  indeed  being  formed  through  the  U  V-photoioni/.ation  process  or  if  it  v  as 
created  within  the  spark  gap  and  propagated  outward  to  fill  the  rest  of  the  vacuum  chamber. 
An  impori.uit  ]iiece  ot  data  used  txr  resolve  this  point  was  the  relative  timing  between  the 
spark-gap  current  pulse  and  the  FM  wave  absorption  (See  Figures  20  and  30)  in  the 
plasma-tilled  w.iveguide.  The  data  showed  that  the  initiation  xif  the  current  pulse  and  the 
on.set  of  the  absorption  were  siniultancxnis.  This  ruled  out  any  possdiility  of  plasma 
propagation  from  the  spark  gaps  being  the  jilasma  .source,  since  it  would  have  taken  nearly 
UX)  (isec  alter  the  eiiireiit  pul.se  for  any  absxiipiion  to  occur;  based  on  the  fact  that  a  plasma 
in  the  pressures  used  would  propagate  at  the  speed  of  sound  (-lOO  in/sec). 

Further  verification  ol  the  U  V-photoioni/atiun  method  was  given  by  the  empirical 
agreement  ot  absor[Mion  vs  argon  |iressure  with  the  calculations  based  on  lupiatixui  (26). 


As  the  argon  pressure  was  raised  from  zero,  the  absorption  increased  to  a  maximum  near 
170  mTorr  and  then  steadily  decreased  thus  indicating  that  the  plasma  density  in  the 
waveguide  had  followed  a  similar  course.  The  observed  beliavior  was  in  good  agreement 
with  the  predictions. 

3.1.1  Plasma  formation  and  energy  efficiency 

An  ideal  plasma  cloaking  system  would  create  a  CW  plasma  for  a  small  energy 
cost.  Tne  methods  described  in  this  paper  are  very  primitive  and  were  developed  to  merely 
demonstrate  the  feasibility  of  plasma  cloaking.  In  order  to  engineer  a  viable  plasma¬ 
cloaking  system  for  an  airborne  platform,  more  efficient  means  must  be  used  to  create  the 
plasma.  Gas  purity  is  absolutely  imperative  for  an  efficient  system.  As  an  illustration  of 
the  effects  impurities  have  on  a  plasma.  Figure  10  displays  the  plasma  lifetimes  for  helium 
as  a  function  of  gas  purity  as  computed  by  Vidmar^.  It  shows  that  an  increase  of  several 
orders  of  magnitude  can  be  achieved  with  a  pure  gas.  The  resultant  energy  requirements 
aie  calculated  from  the  rate  equations. 

F=kn^E,T}-^  (27) 

where  P  is  the  power  per  unit  volume  necessary  to  maintain  a  plasma  at  consttint  density  ric 
in  a  gas  with  an  ionization  potential  £,  and  a  recombination  rate  k.  The  plasma  lifetime  is 
related  to  the  recombination  rate  by  T=//  k  ric.  Table  1  lists  the  recombination  rates  and 
ionization  potentials  for  several  gases  along  with  the  power  to  sustain  a  plasma  as 
calculated  from  Equation  (27). 

Another  way  to  increase  efficiency  is  to  use  a  gas  which  is  readily  ionized  but  has  a 
low  intrinsic  recombination  rate.  The  noble  gases  are  particularly  attractive  becau.sc  of  their 
low  recombination  rates  and  their  low  affinity  for  free  electrons.  However,  their  ionization 
potentials  lie  at  10  cV  or  higher.  If  it  were  possible  to  find  other  mtiterials  with  lower 
ionization  potentials  that  still  have  low'  recombination  rates  and  low  radical  coefficients, 
then  efficiency  could  be  driven  even  higher.  Possibilities  exist  for  exotic  organic  vapors 
such  as  Tctrakis-(dimeihylamino)ethylcne  (TMAE),  an  organic  material  with  Eion  ~  b 
On  the  down  side,  such  materials  w'ould  break  down  in  any  high-voltage  discharge  being 
used  to  create  the  plasma,  therefore  a  flowing  gas  system  is  necessary  in  order  to  maintain 
gas  purity.  The  organic  materials  ;ue  also  hard  to  handle  because  of  their  to.xic  properties. 
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k  (cm3/sec) 

(eV) 

F  (Watts) 
rig  -  to’  *  enr^ 

F  (Watts) 

ne=  lO'^cni’^ 

Helium* 

1.0  X  10-« 

24.5 

20 

1960 

Helium  w/  1  ppm  Air 

2.4  X  10-«f 

24.5 

47 

4704 

Helium  w/  100  ppm  Air 

8.3  X  lO-S- 

24.5 

1  62 

1  6268 

Neon* 

1.8  X  lO-"^ 

21.6 

31  1 

311  04 

Argon* 

9.1  X  10-7 

15.8 

1  1  50 

1  1  5024 

Krypton* 

1.6  X  10-6 

14.0 

1  792 

1 79200 

Xenon* 

2.7  X  10-6 

12.1 

2613 

261360 

TMAE^t 

~  3.0  X  10-6 

~  6. 

1  440 

144000 

*  Rates  based  on  two-body  dissociation 

I  As  calculated  from  Figure  10  and  Equation  (27)  for  P=10()  Torr 
tt  Estimated  values  for  k  and  £/ _ 


Table  1.  Plasma  Power  Requirements  are  computed  according  to 
Equation  (27)  for  maintaining  uniform  plasma  density  in  a  volume  of 
5000  cm3  with  a  10%  efficient  plasma  ionization  source.  Two-body 
dissociative  recombination  is  assumed  to  be  dominant  except  in  the  case  of 
Helium  with  impurities  which  is  assumed  to  be  at  a  pressure  of  1(X)  Torn 


3.2  Vacuum  System 

A  glass-'T"  vacuum  system  was  assembled  for  the  plasma-filled  waveguide 
experiments  of  Phase  I  of  this  program.  A  mechanical  vacuum  pump  is  u.sed  to  evacuate 
the  glass-"T"  to  a  base  pressure  of  5  niTorr.  A  valve  between  the  pump  and  the  glass- "T" 
is  used  to  isolate  the  ciiambcr  from  the  pump  during  the  experiments.  A  DV-6M  Hasting 
gauge  is  used  to  monitor  pressures  in  the  1  to  1000  m'l’orr  range  (seed  gas),  and  a  ModeT 
760  Hasting  gauge  and  a  Bourdon  gauge  cover  the  1  to  760-Torr  range.  Independent  gas- 
feed  systems  are  used  lO  control  the  seed-gas  and  background-gas  pressures.  Each  gas- 
feed  system  consists  of  a  gas  bottle,  a  high-pressure  regulator,  a  purge  line,  a  leak  valve 
and  a  shutoff  valve.  To  maintain  a  specified  seed/background  gas  mixture,  we  evacuate  the 
chamber,  and  then  close  the  vacuum  valve  to  isolate  the  chamber  from  the  pump.  We  first 
leak  in  the  seed  gas  to  the  desired  pressure  (monitored  using  the  model  DV-6M  gauge),  and 
then  introduce  the  higher-pressure  background  gas  (tnonitoted  using  the  tnodel  760  gauge). 
Since  the  Ar/He  gas  mixture  does  nut  decompo.se  during  the  photuioni/.ation  process,  a 
flowing-gas  system  is  not  required. 
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The  vacuum  vessel  utilized  I'or  the  plasma-filletl  ceramic  enclosure  experiments  was 
the  ceramic  enclosure  itself.  A  metal  flange  was  fitted  to  its  back  end  with  an  0-ring  .seal 
and  all  of  the  vacuum  valves  and  gas-handling  components  were  tied  into  the  enclosure  via 
the  back  flange.  Gas-transfer  operations  were  nearly  identical  to  those  used  with  the  glass- 
"T"  vacuum  system  described  above. 

3.3  High-Voltage  Modulator 

The  high-voltage  modulator  assembled  for  this  p.rugram  is  sliown  in  Figure  1 1  is 
basically  a  simple  capacitor  discharge  circuit.  A  single  GL7703  ignitron  switch  is  used  to 
close  the  high-voltage,  high-current  capacitor  discharge  circuit.  A  15-kV  power  supply 
pre-charges  each  capacitor  through  a  lOO-kQ  resistor.  The  capacitor  charging  path  is 
completed  by  a  2-kf2  resistor.  When  the  GL77()3  ignitron  is  triggered,  the  high-voltage 
immediately  appears  across  the  spark-gap  array.  If  the  voltage  e.xceods  tlie  breakdown 
voltage  (measured  to  be  -1.5  kV),  the  spark  gaps  fire  and  tlie  capacitors  are  discharged 
through  the  gaps.  High-voltage  probes  and  current  transformers  are  used  to  monitor  the 
pulsed  voltages  and  currents,  respectively.  After  initiating  the  arc.  the  cuircnt  decreases 
with  a  cnaractcristic  R’C  decay  time  constant,  where  H.'  is  the  sum  of  tlie  series  resistance 
(10  ohms)  and  the  arc  resistance.  Since  the  voltage  drop  across  the  spark-gap  is  very  low 
after  breakdown  is  initiated,  tliC  current  through  the  gaps,  and  hence  the  intensity  of  tlie  UV 
emission,  is  controlled  by  varying  »he  capacitor  charge  voltage  and  the  scries  resistance. 
Special  feedthroughs  were  fabricated  to  couple  the  high-voltage  into  the  vacuum  system. 
The  feedthroughs  consist  of  20-kV  bushings  soi,iered  to  modified  Swagelock  0-seal 
fittings.  Twenty-kilovolt  high-voltage  (HV)  wi.'-e  is  soldered  to  the  high-voltage  bushing  to 
form  part  of  the  vacuum  seal.  The  HV  wire  is  then  routed  to  the  different  spark-gap 
elements.  This  system  has  provided  reliable  operation  up  to  a  mti.ximuin  test  voltage  of 
f  15  kV  with  He-gas  pressures  from  150  to  500  Torr. 
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Figure  1 1  High-voltage  spark-ga])  modulator. 
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4.  PLASMA-FILLED  WAVEGL'IDE  EXPERIMENTS 
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In  this  section  we  describe  our  experinicnts  invesiiiiating  EM-w'ave  absorption  in  a 
plasma-loaded  section  of  C-band  waveguide  beginning  with  a  description  of  the  apparatus, 
in  paiticular  the  spark-gap  array  and  the  slotted  waveguide  assembly.  We  then  proceed  to 
discuss  the  plasma  density  measurements  and  the  EM- wave  propagation  experiments.  Our 
results  are  then  compared  to  tlieory  and  shown  to  l)e  in  good  tigreement. 

4.1.  Critical  Design  Components 

4.1.1.  Spark-gap  array 

For  preliminary  experiments,  a  tliree-gap  spark  array  was  designed  by  careftilly 
considering  high-voltage  breakdown  in  a  1  to  760  Torr  gaseous  environment The 
main  requirement  is  that  the  breakdown  occurs  between  the  electrodes  and  not  the  electrode 
supports.  Based  on  the  results  of  this  design  study,  we  used  0. 16-cm-diameter  tungsten 
electrodes  sharpened  to  a  point  and  mounted  in  0.64-cm-dia’neter  polished  stainless-steel 
electrode  holders  (Tantulunt  electrodes  worked  ctjually  well  except  that  they  had  a  higher 
erosion  rate).  The  modulator  described  in  Section  3.3  was  used  to  test  the  preliminary 
spark-gap  turay  at  pressures  ranging  from  5  niTorr  to  760  Torr.  We  tested  the  array  in 
one,  two,  and  three-gap  configurations  to  detemiine  the  scaling  of  the  minimum  bretikdown 
voltage  at  different  pressures  with  the  number  of  gaps  and  the  tungsten-electrode  spacing. 
We  found  that  a  gap  .spacing  of  0.64  cm  provides  reliable  operation  from  1.60-  to  760-Torr 
He-gas  pressure  with  a  minimum  breakdown  voltage  of  about  3  kV  for  a  three-gap  array. 
Operation  at  lower  pressures  was  extremely  difficult  due  to  glow  di.scharges  between  the 
high-voltage-electrorle  support  and  the  giounded  waveguide.  There  w-ere  .ilso  problems 
with  Pa.schen  breakdown  inside  the  high-voltage  feedthroughs  at  the  lower  pressures. 

Using  these  data  we  designed  four  arrays  with  five  spark  gaps  per  array.  Each 
five-gap  array  was  found  to  have  a  breakdown  voltage  of  4  kV.  Figure  12  show's  the 
spark-gap  arrays  mounted  on  the  slotted  waveguide,  which  is  described  in  the  next 
subsection. 

4.1.2.  Slotted  waveguide 

The  slotted  waveguide  is  the  key  element  in  the  F.M-wave  transmission  system;  it 
solves:  the  problem  of  allowing  plasma  to  be  in  jected  into  the  waveguide  without  disturbing 
the  waveguitle's  transmission  characieristics.  We  performed  theoretical  caleulaiions  aiul 
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several  experiments  to  validate  the  concept  prior  to  i’abricatirg  the  t'li  11-scale  slotted 
waveguide.  Our  calculations'*’’  indicated  that  a  C-band  (WR187)  waveguide  with  75% 
to  80%  sidewall  tran.sparency  will  liave  negligible  perturbation  on  tlic  transmitted  wave. 
Using  the  calculations  as  a  guide,  we  fabricated  a  live-slot,  75%,-trtinsparcnt  section  of  C- 
band  rectangular  waveguide  (slot  width  =  .b4  cm),  'liie  slots  are  cut  into  the  shon  walls 
on  the  waveguide  because  the  electric  field  of  the  fundamental  mode  vanishes  at  these 
walls.  Therefore,  there  are  no  wall  currents  that  can  be  interrupted  by  the  walls.  The  slots' 
effect  on  transmission  properties  was  examined  by  measuring  the  waveguide  insertion  loss 
using  a  scalar  network  analyzer;  the  slots  were  found  to  have  virtually  no  effect.  Less  than 
0.1 -dB  change  in  the  waveguide's  transmission  loss  was  measured. 

Encouraged  by  the  test  piece's  high  performance,  w'c  then  fabricated  the  .M)-cm- 
long  .section  of  C-baiid  waveguide  u  ith  75‘a  wall  transparency  showm  in  E'igure  l.L  Tlie 
measured  in.sertion  loss  is  sliown  in  I'igure  14,  wlierc  the  in-b.ind  characteristics  of  tlie 
coax-to-waveguide  adapters  and  coaxial  cables  have  been  subtracted  out.  The  insertion 
loss  is  less  than  0.2  dB  over  the  C-b;md  operating  freiiuencies  of  4  to  h  (jHz.  This 
insertion  loss  is  much  less  than  the  EM-vvavc  attenuation  expected  in  the  cloaking 
experiments  therefore  we  expect  to  accurately  measure  ih.c  effects  of  phisma  on  the  wave 
propagation  in  the  waveguide  without  having  to  worry  about  the  effects  of  the  imperfect 
walls. 

4.2.  Plasma  Density  Measurement 

We  installed  a  cylindrical  Langmuir  probe  to  measure  the  plasma-density  profile 
We  sampled  the  axial  plasma  density  by  removing  one  coax-io-waveguide  adapter  and 
inserting  the  probe  into  the  waveguide.  The  probe  was  biased  at  +4,5  V  to  eolleet  electron 
current,  which  provides  a  relative  measure  of  the  local  electron  density.  Two  [dasma 
profiles  are  shown  in  I-igurc  15.  One  [iiofile  was  recorded  when  71K)  /\  was  discharged 
through  )9  spark  gaps.  'I’he  second  profile  resulted  w  hen  6X0  A  was  liiseharged  through 
only  10  spark  gaps  (one  five-gap  array  on  each  side  of  the  slotted  waveguide).  IToin  the 
profile  measured  when  the  19  gaps  were  fired,  we  find  that  the  iilasma  extends  tor  ahoiit 
22  cm  (half-maximum  points  on  tlie  eleetri'ii  current  profile)  w-ithin  the  waveguide  and  has 
a  gentle  gradient  at  either  end.  At  this  point,  w-e  have  not  yet  assigned  an  tibsolutc  plasma 
density  to  the  profiles  in  Eigure  15  because  we  have  found  that  the  Langmuir  jirohe  theory 
developed  for  highly  eollisional  plasmas  is  compulation  intensive.  However,  we  have 
applied  an  empirical  technique  based  the  data  from  the  plasma-1  died  waveguide's 
ab.sorption  experiments  (.See  Section  4..^)  and  applied  a  non-linear  cuiv'c  fit  to  detennine  the 
plasma  density.  I'he  curve  fit  is  based  on  tlie  ilieory  of  Seelioii  2  and  we  assumed  unifonii 
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plasma  density  across  the  waveguide's  cross  section.  As  shown  in  1-i^urc  Id,  the  plasma 
density  scales  proportional  to  the  square  of  the  siiark-gap  current.  A  eorollaiy  is  that  the 
eorresponding  plasma  frequency  scales  linearly  and  a  cuiwc  is  fit  to  the  data  points  based  on 
this  simple  dependence.  The  linear  behavior  is  easy  to  demonstrate  analytically  if  we 
assume  that  the  spark-gap  impedance  is  constant  and  the  power  that  goes  into  the  plasma 
generation  is  proportional  to  the  power  dissipateil  across  the  are;  then  ^c'^l^lre-la^e"l■^are  tmd 
fp^ljirc-  On  the  other  hand,  we  c;in  expect  complications  due  to  the  following  uncertainties; 
the  spark  gap's  CV  spectrum  as  a  function  of  eurrent  ,  the  gap's  radiation  eflieiencv,  the 
.stability  of  the  spark-gap  impedance  and  the  modeling  of  the  true  plasma  profile.  As  seen 
in  the  curve  fit  of  I’igure  16,  tlie  complications  do  not  introduce  serious  aberrations. 

We  also  used  the.  Langmuir  probe  to  measi.ic  the  relative  plasma  density  as  ;i 
function  of  argon  seed-gas  pressure  in  order  to  verify  the  optimum  vtdue  as  [uedicted  by 
the  UV-photoionization  analysis  of  Section  .L I .  The  electron  jm  oIx'  cuirent  was  monitored 
as  the  ,seed-gas  panial  pressure  was  increased  from  0  to  1  Toir  by  hokling  tlie  probe  at  a 
fixed  +45  V  bias.  The  helium  pressure  was  also  varied  from  200  to  400  Torr.  'I'he  probe 
current  peaked  at  argon  pressures  near  1.50  mTorr  corresponding  to  ;m  e-folding  UV- 
absorption  length  of  about  ;^-!0  ctn,  thus  verifying  tlie  calcuhttions  of  Section  .5.1  tltat 
showed  that  the  argon/helium  gas  mixture  w;is  suittible  for  our  absorption  e.xperimcnts. 

4.3.  Absorption  in  the  Plasma-Filled  Waveguide 

In  tins  section  we  de.scnbe  absorption  e.xperimcnts  demonstrating  .i  maximum  of 
63  dB  attenuation  for  a  4-GIl/.  LiM  wave  propagated  through  the  pltisma-loaded 
waveguide.  These  experiments  employed  tlie  four,  five-gap  spark  an  ttys  anti  the  sUnied  C- 
band  waveguide  shown  in  l  igure  17.  the  microwave  irtinsmission  systems  shown  in 
figures  Id  and  19,  and  the  spark-gap  nK)dul;iioi  shown  in  l  igure  1  1. 

We  assembled  the  biVl-wsive  iransmissioii  system  sluiwn  in  figure  IIS.  The  [lulse 
generator  gates  the  microwave  signal  source  on  I'ur  ap|)roximalely  .50  ps.  The  signal  is 
then  amplified  to  approxiimitely  1  W.  An  i.solator  prevents  power  icllcctcd  from  the 
amplifier  input  from  returning  to  the  signal  source.  The  output  from  the  amplifier  is  routed 
through  a  circulator  to  i.solate  the  amplifier  from  the  [ilasmti-loaded  u  .ocguitlc.  Directional 
couplers  and  dioilc  tlelectors  ,ne  usetl  lu  measure  the  |X)wci  iiicuicm  on,  icflcctcil  Irom,  untl 
transmitted  through  the  [ilasma-loadcd  waveguide.  1  Icrmciically  sc.ilcti  S.MA  feedthroughs 
are  u.sed  to  route  the  microwaves  into  the  vaemim  chamber.  Standard  WR1S7  coax-lo- 
waveguide  adapters  match  the  coax  cables  to  the  jiUisma  lo.ided  waveguide.  This  imnsniis- 
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Fiy.ure  17  Rectangular  waveguide  and  spark-gap  array  used  in  the  plasma-tilled 
waveguide  experiments.  The  spark  gaps,  mounted  parallel  to  the 
waveguide  axis,  produce  U’V  radiation  that  penetrates  the  waveguide 
through  slots  in  the  sidewalls.  The  LiV  ionizes  an  Argon-Helium  gas 
mixture  inside  the  waveguide  to  density  as  high  as  !()’“  crm^ 
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PLASMA-LOADED 


Eleclromagnetic-wavc  tninsmission  system  using  diode  deiectois. 
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ElccironKignetic-wave  transmission  system  using  ;i  spectrum  tintily/er  as  a 
tuned  receiver.  The  tuned  receiver  increases  the  dvnamic  ranee  to  about 
70  dB. 
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sion  system  had  about  15  dB  of  dynamic  range.  We  increased  the  dynamic  range  to  more 
than  70  dB  by  installing  the  lO-dB  amplifier  and  by  replacing  the  diode  detectors  with  a 
spectrum  analyzer  employed  as  a  tuned  receiver  as  shown  in  Figure  19.  To  eliminate 
electromagnetic  interference  (EMI)  produced  by  the  short-duration,  high-current  spark-gap 
pulses,  and  ground-loops,  we  installed  the  signal  source,  amplifier,  diode  detectors,  and 
tuned  receiver  inside  an  EMI-shielded  screen  room.  This  eliminated  all  ground  loops  and 
EMI  effects. 

The  timing  scenario  for  the  experiment  is  displayed  in  Figure  20.  The  microwave 
source  is  gated  on  by  the  pulse  generator  as  described  above.  The  turn-on  time  is  chosen  to 
be  about  10  fis  before  the  spark  gaps  are  triggered.  This  enables  us  to  calibrate  microwave 
transmission  losses  by  comparing  the  power  transmitted  through  the  system  with  the 
plasma  OFF  and  then  ON.  In  the  ideal  case  of  VSWR  =  1,  there  is  no  reflected  power 
when  the  plasma  is  OFF  because  the  50-ohm  load  absorbs  all  the  incident  power,  and  there 
are  no  reflections  from  the  various  waveguide  and  coaxial  components.  (VSWR  stands  for 
variable  standing  wave  ratio;  it  is  a  mca^;lr''  of  how  much  pow-er  is  reflected  from  a 
microwave  transmission  line  .system  or  various  components.)  How'cver,  the  reflected 
power  actually  includes  the  signals  lenccted  fiom  cunneciois,  cables,  and  adapters  in  the 
transmission  system.  In  fact,  we  have  found  that  a  major  contribution  to  the  reflected 
power  is  from  the  coax-to-waveguide  adapters,  which  the  manufactures  quotes  as  having  a 
VSWR  of  <1.25.  This  specifies  an  ultimate  sensitivity  limit  of  19  dB  for  ilic  reflected 
power  relative  to  the  input  signal.  With  the  plasma  on,  the  measured  reflected  power  can 
increase  or  decrease  depending  on  the  standing-wave  pattern  at  the  directional  coupler. 
This  standing-wave  pattern  is  created  by  the  multiple  reflections  of  the  microwave  signal 
from  die  various  coaxial  and  waveguide  components  on  the  input  side  of  the  plasma-loaded 
waveguide  section.  This  is  because  the  standing-wave  pattern  changes  when  the  reflected 
power  originating  from  the  components  on  the  output  side  ol  ihe  plasma-loaded  waveguide 
section  is  attenuated  by  the  plasma. 

We  perfonned  the  cloaking  demonstration  shown  in  Figure  21  to  unambiguously 
demonstrate  that  the  microwave  jiower  is  not  reflected  by  tl;e  plasma.  The  5()-ohm  load 
normally  used  to  terminate  the  transmission  system  is  now  replaced  by  a  short.  This 
reflects  all  the  microwave  power  that  reaches  the  short  back  tow-ard  the  plasma  loaded 
waveguide.  Before  the  plasma  is  puLsed,  ilie  transmitted  and  reflected  powers  arc  rouglily 
equal.  When  the  plasma  is  triggered,  both  the  transmitted  and  reflected  power  decrease  to 
very  low  levels  thus  denion.strating  that  the  short  at  tlie  end  of  the  transmission  line  was 
effectively  cloaked  by  the  plasma. 
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Figure  20 


Timing  scenario  lor  plasma- tilled  waveguide  experiment.  The  microwaves 
are  pul.sed  about  lO  ps  before  the  plasma  is  triggered. 
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Figure  21  Cloaking  demonstration.  The  5(Fohiu  load  nonnally  used  to  terminate  the 
transmission  system  is  replace  with  a  short;  microwave  power  reaching  the 
.>hort  is  retlected  back  towtu^d  tlie  plasma-loaded  waveguide.  The  HM-wave 
frequency  was  4.93  GHz,  the  spark-gap  current  was  700  A  (for  each  of 
the  four  five-gap  spark  arrays),  and  the  electron  collision  frequenev  was 
61  GHz. 
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Wc  installed  the  speetriim  analyzer  to  inercasc  the  tiynamie  iLuigc  ol'  the 
transmission  system.  The  spectniin  analyzer  is  operated  as  a  tuned  receiver  by  inhibiting 
the  frequency  sweep  and  manually  setting  the  frequency.  We  then  display  the  vertical 
output  from  the  spectrum  analyzer  on  an  oscilloscope  to  (.ibtain  a  icmiioral  record  of  the 
microwave  power  as  shown  in  bigure  22.  The  lb'  bandwidth  on  the  spectrum  analyzer  is 
3  MHz,  which  provides  a  temporal  resolution  of  about  0.3  ps.  The  improvement  in 
dynamic  range  is  readily  apparent.  The  baseline  at  the  top  of  the  photo  is  O-dB  attenuation, 
since  this  is  the  power  level  prior  to  jnitsing  the  plasma.  When  the  plasma  is  pulsed,  the 
attenuation  increases  to  50  dB  fur  a  spark  gap  current  of  040  A.  ’bhe  noise  at  the  bottom 
of  the  oscilloscope  trace  is  the  weak  signal  from  the  microwave  source  after  it  is  amplified 
by  the  10-dB  power  amplifier.  The  d\  namic  range  for  this  system  is  now  >70  dB. 

We  measured  the  attenuation  of  the  microwave  signal  transmitted  through  the 
plasma  as  a  function  of  the  electron  collision  frequency.  The  collision  frcLpieiicy^^  is 
viu'ied  by  changing  the  Ile-gas  pressure.  The  data  is  shown  in  bigures  23  for  microwave 
frequencies  of  4,  5,  and  6  GHz.  The  attenuation  increases  as  the  spark-ga[i  cuiTciit,  and 
hence  the  plasma  density,  is  iiierea.sed.  'flic  attenuation  increases  because  with  higher 
electron  dcnsiucs,  more  electrons  iire  ,iv,uhililc  loi' aec'-leratiun  bv  the  b-Nl  wave.  Another 
trend  is  that  the  attenuation  decreases  as  the  collision  frequency  increases.  This  is  e.\pectcd 
since  the  electron  collision  fretiuency  is  always  greater  than  the  microwave  freipiency  in 
these  experiments.  These  trends  are  predicted  by  tlie  theoretical  model  as  described  in 
Section  2. 

We  also  measured  the  attenuation  as  a  function  of  the  iiiicrowave  freijiiency  for 
different  plasma  densities  as  shown  in  figure  24  bhe  largest  attenuation  is  obscived  for 
the  lowest  blM-wave  freriueiiey  and  the  highest  plasma  densiiy  (i.e.,  spark-gap  current). 
The  attenuation  decreases,  at  t1.\ei.f  niicrow  ave  lrei|ueiiey,  as  the  pl.isnia  density  decreases. 
We  also  note  that  the  attenuation  decreases  as  the  microwave  frecjiieiiey  iiicre,ises.  These 
trends  are  consistent  watli  those  obseivcd  in  bigure  23.  We  em[)hasize  that  there  is  no  point 
where  the  attenuation  saturates;  it  will  coiitiiuie  to  increase  with  increasing  plasma  deiisiiv. 

We  measured  the  attenuation  of  liie  iransinitted  signal  foi  diflercnt  |ilasm.i-den.sity 
profiles.  We  prodiiceil  tliflerent  jirolilcs  b\  pulsing  seiccied  5-gap  ariavs.  Our  |iiclimin,irv 
conclusion  is  that  the  slugie  ol  pl.isnia  profile  has  only  a  iniiior  effeet  on  the  tr.insmitied 
signal.  We  found  that  the  ma.xuiium  attcnuaiioi.  is  [irovided  b\  the  densest  [ilasnia  with  the 
longest  axial  length. 
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I'ijiure  22  Attenuation  of  the  transmitted  signal  measured  using  a  s|ieetruin  analyzer 
operated  as  a  tuned  receiver.  The  line  at  the  top  of  the  trace  is  (')  dB 
attenuation.  The  HM-wave  frequency  was  5  GHz,  and  the  electron 
collision  frequency  was  61  GHz. 
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4.3.1.  Comparison  of  Kxperimi.‘n(al  Kcsulls  With  'riic  ’riicorelical  Model 

We  applied  the  theoretical  analysis  of  .Section  2  to  the  data  in  1-igurcs  23  and  24 
and  achieved  very  good  agreement.  Using  the  prolilc  shown  in  higure  1  3,  we  inodi'lcd 
the  electron-density  profile  as  a  22-cm-loiig  plasma  of  unifonn  ricnsiiy.  1  lowcvcr.  since 
we  did  not  have  an  absolute  measurement  of  the  electron  density  using  the  I.angmuir  prolx;, 
we  used  a  self-consistent  curve-fitting  procedure  to  determiiie  the  electron  density  as 
described  in  Section  1.2. 

We  applied  the  theoretical  model  with  the  electron-density  scaling  shown  in 
Figure  16  to  the  data  in  Figures  23  and  24.  'I’lic  theoretical  eiiives  arc  superimposed  on  the 
mea.sured  data  in  the  figures,  'riiere  is  esccllent  agreement  between  e.xpet  iment  tind  theoiy. 
Also,  since  the  data  in  l-iguie  23  was  reeonled  independemly  of  the  tiaia  in  l-'igiire  24, 
these  data  provide  an  independent  eonfinnation  v>f  the  validity  of  the  model  and  the  sealing 
relationships. 
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5.  EM-WAVE  ABSORPTION  BY  A  PLASMA-1  ILLEU 

ENCLOSE RE 


In  this  section  we  describe  the  operation  of  a  plasma-cloaking  jirototype  consisting 
of  a  radar  target  and  a  plasma  source  inside  a  ceramic  enclosure.  'I'he  system's  design  is 
based  on  tlic  principles  de.scribed  in  the  previous  sections;  in  particular  the  plasma  source 
and  gas-handling  systetn  used  in  the  plasma-filled  waveguide  experiments  are  redesigned 
for  integration  into  the  ceramic  enclosure.  The  phisma  cloaking  [irincipie  was  demonstrated 
by  measuring  the  prototype's  radar  cross  section  (RCS)  in  a  compact  radar  range  that  can 
mea.sure  far-field  HM-wave  interaction  with  the  target  without  interference  from  other 
structures. 


5.1.  The  Ceramic  Enclosure 

The  ceramic  enclosure  system  is  pictured  in  Figure  25.  The  enclosure  is  7"  in 
diameter  at  its  base  and  1 8"  long  from  base  to  tip.  The  wall  tliickness  varies  over  th.c  its 
length  such  that  microwaves  in  the  frequency  range  from  9.5  to  1 0.5  GI  Iz  pass  through  the 
wall  with  little  rcfleciion.  This  is  known  as  tlic  cnclostire's  transparency  zone.  A 
perforated  circular  plate  is  mounted  inside  the  enclosure  4"  from  its  base.  The  plate  will 
.serve  as  a  reflector  for  incident  ratliatioii.  Its  radar  cross  section'^-  (RCS)  is  given  by 

l()./r\j'’ /  ./|(/() 

^KCS  ~  — 

where  a  is  the  plate  radius,  A  is  the  radiation  wavelength,  0  is  tlie  observation  angle  with 
rc.spect  to  the  plate's  normal  vector  and  u  =  4usin(0)  /  A  .  As  seen  in  Figure  2(i,  the  peak 
RCS  of  .4.5  dI3sm  occurs  fur  normal  incidence  and  the  RCS  is  relatively  flat  over  a  wide 
angular  range;  trom  $-()  to  I{)'\  the  Kt.'S  varies  by  only  2tiH.sm.  The  pcrioiations  allow 
the  plate  to  Ire  ptirtitilly  tr:tnsparent  to  the  L  V  railiation  from  the  spark  gaps  according  to  the 
same  principle  used  tor  the  slotted  waveguide  in  the  plasma  filled  wavegURic  experiments 
(See  Section  4). 

A  spark-gap  array  is  mounted  2  "  behind  the  reflector  plate.  Its  purpose  is  to 
prtxluce  the  UV  radiation  which  will  ionize  the  gas  mixture  insKic  the  enclosure  and  crc,itc 
the  plasma.  The  sjiark  gaps,  shown  in  Figure  27,  arc  arranged  into  two  cucuits  of  5  spark 
gaps  each  [ilaced  along  a  circular  curve  on  a  ceramic  subsiralc.  A  high  voluigc  lead  is 
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igure  25.  Phisma-fillcd  ccrainic  cnclo.surc 
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Figure  26.  Radar  cross  section  of  circular  plate.  Tlie  RCS  of  the  .S  "  diameter  circular 
plate  is  calculated  for  a  frequencies  of  8,  10  and  12  Gil/..  It  is  .seen  that  tlie 
RCS  changes  ver\'  little  tor  angles  of  incidence  less  than  .5"  thus  indicating 
that  the  alignment  is  not  criticaf  for  RCS  metisurements. 


Figure  27.  Spark  gap  assembly 


connected  to  one  end  of  the  spark-gap  array  and  a  return  line  is  attached  to  the  other  side. 
Switching  is  performed  by  a  20kV-l()0kA  ignitron  switcli.  When  the  Itigh  voltage  is 
turned  on,  the  large  voltage  difference  on  the  spark  gaps  causes  the  gas  mixture  in  the  gap 
to  break  down,  thus  allowing  current  to  flow  from  a  bank  of  dischtirge  capacitor  through 
the  spark  gaps.  In  our  experiments,  a  l-pF  capacitor,  charged  to  10  kV  was  connected  to 
each  spark-gap  circuit.  During  the  high-voltage  pulse,  the  current  reached  a  peak  value  of 
3000  A  in  4  |isec  and  then  decayed  with  a  half-life  of  20  |isee.  Each  spark  gap  consisted 
of  a  0.25"  spacing  between  tips  and  each  tip  was  made  from  0.060"  tungsten  with  a  40° 
cone  ground  on  each  end. 

The  spark-gap  array  and  the  reflector  plate  are  mounted  as  an  integral  unit  on  the 
ceramic  enclosure's  back  flange.  The  spacing  between  the  components  is  critical  because 
too-sinall  a  spacing  would  lead  to  high  voltage  breakdown  occurring  in  undesired 
locations.  High  voltage  feedthroughs  for  spark-gap  operation,  a  vacuum  pumping  port, 
gas  feedthroughs  for  maintaining  the  proper  gas  mixture  and  diagnostic  feedthroughs  for 
measuring  plasma  density  and  providing  feedback  on  the  device's  operation  are  all  mounted 
on  the  enclosure's  back  flange.  When  the  device  was  operated  inside  the  compact  radar 
range,  all  connections  e.xcept  the  high-voltage  lines  tu'c  valved  off  and  disconnected  in  order 
to  reduce  spurious  reflections  that  would  reduce  measurement's  dynamic  range  and  the 
effects  of  the  plasma  clotiking. 

5.2.  The  Compact  Radar  Range 

The  compact  radar  range  located  at  the  Microwave  Products  Division  of  Hughes 
Aiicraft  was  designed  specifically  for  KCS  and  aniennti  meastiremeius.  Eqtiipped  with  a 
March  Microwave  reflector  system,  this  range  provides  test  /.ones  ;is  large  as  to  6  feet  over 
the  frequency  range  oi  4  to  100  GHz.  The  test  zone,  also  called  a  quiet  zone,  is  the  area 
where  the  radiation  pattern  clo.sely  resembles  a  plane  wave  incident  from  a  distttiu  source, 
thus  allowing  far-field  measurements  to  be  made  in  relatively  small  spaces. 

The  chamber  measures  25'  wide  by  19.5'  high  by  55'  long  and  is  ftdly  lined  with 

Raniec  anechoic  material  which  etfectively  ab.sorbs  any  radiation  tit  the  walls  and  prevents 

multiple  reflections  from  interfering  with  the  measurement  in  progress.  The  chamber 

background  levels  within  the  6'  test  zone  are  belter  than  -55  dBsni  from  4  to  8  GHz  and 

-60  dBsm  from  8  to  18  Ghz.  'largets  lorRCS  measurement  are  typictilly  placed  on  a  10' 

high,  low  RCS,  tapered  fotim  column, 
a) 
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RCS.dBsm  RCS,  dBsm  RCS,  dB 


The  system  electronics  allow  for  a  w'idt  *ty  of  measurements  including  RCS  vs. 
time,  frequency,  down-range  posit;  m  and  targe  .ontation.  Imaging  is  also  possible  via 
Fourier  analysis  of  RCS  vs  frequency  measurements 

5.3.  Calibration  in  the  Radar  Range 

The  enclosure's  absolute  radar  cross  section  is  determined  by  comparing  its 
measured  return  to  the  return  from  a  14"  metal  sphere  whose  RCS  is  calculated  to  be  nearly 
constant  at  -10.01  dBsm  for  frequencies  above  2.8  GHz.  Below  2.8  GHz,  the  sphere's 
RCS  is  dependent  on  frequency  and  shows  the  characteristic  .Mie  resonance.  As  seen  in 
Figure  28,  the  enclosure's  absolute  RCS  has  a  very  complex  dependence  on  frequency. 
This  is  due  to  the  structures  on  the  back  side,  structures  on  the  inside  and  multiple 
reflections  when  the  incident  frequency  lies  outside  the  transparency  zone. 

Since  the  plasma  is  enclosed  inside  the  enclosure,  it  is  not  possible  for  it  to  cloak 
the  structures  on  the  outside  and  they  will  limit  'he  possible  RCS  reduction.  Figure  29  is  a 
high-resolution  range  strobe  of  the  enclosure  s>  ,  m  showing  the  radar  return  as  a  function 
of  distance  from  the  transmitter.  It  shows  the  relative  return  from  various  portions  of  the 
enclosure  such  as  the  tip,  the  internal  reflector,  the  back  flange  and  the  rear  structures.  The 
high-resolution  range  strobe  is  determined  by  taking  the  fourier  transfomi  of  a  frequency 
strobe.  The  range  resolution  is  Ax=cl2Af  where  Af  is  the  interval  of  the  frequency 
strobe.  In  our  example,  the  frequency  was  scanned  from  8  to  12  GHz.  therefore  the  range 
resolution  is  1.5  inches. 

It  is  apparent  from  the  figure  that  the  maximum  return  is  from  the  lenector  mounted 
inside  the  enclosure.  In  this  plot,  the  return  from  the  target  is  nonnalized  to  0  dB,  A  local 
maximum  of  -40  dB  corresponds  to  the  enclosure's  tip  and  t!;c  rear  structures  contribute  to 
a  broad  maximum  of  -25  to  -.30  dB.  It  is  not  possible  for  the  plasma  to  cloak  the  rear 
structures,  therefore  it  is  expected  that  the  maximum  effect  of  plasma  cloaking  is  to  reduce 
the  RCS  by  25  to  30  dB.  We  emphasi/.e  that  the  relative  return  from  the  various  enclosure 
structures  is  dependent  on  the  interval  selected  for  the  fretiuency  strobe.  A  range  strobe 
using  a  4-to-8-Gh7.  interval  will,  in  general,  have  a  dilferent  profile  from  one  using  an  8-to- 
12-Ghz  interval. 

A  similar  strobe  with  the  plasma  turned  on  would  jirovide  a  definitive  graphic 
illustration  of  the  plasma-cloaking  effect.  In  principle,  it  would  drive  the  return  from  the 
internal  reflector  to  much  lower  levels  while  leaving  the  returns  from  the  tip  tind  the  rear 
structures  unaffected.  Unfortunately,  it  was  not  pos.vible  to  make  such  a  measurement  due 
to  the  plasma's  short  lifetime  and  low  plasm.i  pulse  rate.  Tliere  are  two  possible  ways  to 
make  ii.c  high-re.solution  range  measurement  In  the  first  inethcKl,  the  plasma  must  stay  on 
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I^igure  29.  High-rc.soliition  range  .sirobe  (.)!  ceramic  enclosure.  A  1-d  range  strobe  of 
the  eerainie  enclosure  with  the  plasma  Ol-'F  reveals  that  the  microwave 
reflector  is  the  biggest  contributor  to  its  RCS.  Sintiller  contributions  come 
from  the  tip  (-40  dB),  the  metal  flange  (-20  dB)  and  the  retir  structures  (-20 
to  -40  dB).  Since  it  is  impossible  to  use  the  plasma  to  attenuate  signals 
from  exterior  structures,  the  plot  range  scan  predicts  that  the  RCS  c;ui  be 
reduced  by  a  maximum  of  20  to  30  dli. 
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at  a  constant  intensity  tor  the  duration  of  the  range  strobe,  a  imniitiuni  ot  100  |.tsce.  In  the 
second  method,  the  plasma  is  pulsed  at  the  same  rate  ;is  the  rtidai  transmitter  whose 
minimum  pulse  rate  is  KKK)  Hz.  In  our  experiments,  the  plasma  .source  is  capable  pulsing 
at  a  maximum  of  1  Hz  while  the  plasma  density  changes  rapidly  throtighout  its  lifetime, 
thus  making  synchronization  by  either  tnethod  impossible. 

Additionally,  a  high-re.solution  range  strobe  with  the  plasma  on  could  be  pert'onned 
by  sending  a  radar  pulse  of  very  short  duration  and  gating  the  receiver  to  look  for  the  pulse 
at  a  time  corresponding  to  relleciion  from  a  particular  dist:  a  e.  By  varying  the  gate  timing, 
it  would  be  possible  to  produce  a  return  vs.  distance  measurement.  The  duration  of  the 
pulse  must  be  as  short  as  the  desired  resolution,  i.e.  At-c/Ax.  For  Ax-! .5"  resolution, 
the  pulse  width  must  be  27  picoseconds,  well  beyond  tb.e  capability  of  the  .VlMS-.70()  radar 
system  whose  minimum  pulse  duration  is  .5  nanoseconds  corresponding  to  a  pul.se  length 
of  5  feet. 

5.4.  The  Cloaking  Measuremenf 

As  discussed  in  the  previous  sc.  to  synchronize  the  pla.sma 

source  with  the  radar  transmitter  during  a  iicv.  •  Therefore,  the  effects  of  the 

plasma  cloaking  vs.  frequency  are  measured  by  single  .mot  methods  where  each  shot  is 
made  at  a  different  frequency.  Each  measurement  is  made  by  transmitting  a  burst  of  radar 
pulses  with  a  400-kHz  repetition  rate  throughout  the  plasma's  lifetime.  The  return  from 
each  radtu'  pulse  is  measured  as  a  phase  and  an  amplitude.  Fitv.ires  .70a  ;md  30b  show  a 
typical  set  ot  data  for  the  phase  and  amplitude  ol  the  rtidtir  return  from  the  enclosure  du.ing 
a  single  pla.sma  pulse.  Each  data  jwint  on  the  plot.s  corresponds  to  a  single  radar  pulse. 
During  the  time  from  0  to  16  p.see,  the  plasma  is  turned  olf  and  the  radar  return  is  constant 
at  -5  dBsm.  At  16  psec,  the  spark-gap  current  pulse  is  initiated  and  the  plasma  forms  in  the 
enclosure  as  evidenced  by  the  decrease  in  RCS  from  -3  dBsm  ttt  16  psec  to  -27  dBsni  at  20 
psec  -  an  RCS  reduction  of  22  dB.  Deierminaiion  of  the  peak  RCS  reduction  is  affected  by 
the  low  radar-pulse  repetition  frequency.  The  phase  is  likewise  affected  by  the  plasma 
formation. 

Figure  3()c  plot.s  the  ik-gap  current  during  the  plasma  pulse.  Wiien  eumpaied  to 
the  RCS  nicasurcmcm  in  Figure  30a,  it  is  seen  that  pla.sma  fuiniaiu.'n  ix-gms  at  the  onset  of 
the  current  pulse.  However,  the  peak  pla.sma  density  is  tu'hieved  at  a  time  delayed  with 
respect  to  the  peak  spark-gap  current  bccau.se  the  pla.sma  density  ticcimuilatcs  throughout 
the  current  pulse  due  to  a  linitc  electron  ion  recombination  mic.  If  the  recombination 
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Figure  30. 


Single  shot  KCS  ineasureinciii  ol  |)la.sni-i-fille*d  enclosure.  A  typical  data  set 
tor  the  radar  return  from  the  plasma-filled  enrlosure  is  plotted  for  a  radtir 
frequency  of  9.23  GHz.  As  the  spark-gap  current  is  pidsed,  the  plasma 
density  grows  within  the  enclosure  thus  decreasing  tlie  RCS  and  phase 
shifting  the  return  signal. 


rate  were  zero,  then  iln'  plasma  density  would  increase  whenever  curreiil  llowcd  througli 
the  spark  gaps  and  would  never  decrease. 

Several  sets  of  data  such  as  the  one  shown  in  Figure  30  were  produced  covering 
the  frequency  range  from  4  to  14  Ghz.  Figure  31  displays  the  results  of  the  measurements 
by  plotting  the  peak  RCS  reduction  vs  frequency.  'Fhere  is  considerable  structure  present 
in  the  graph;  much  of  it  is  due  to  multiple  reflections  within  the  enclosure  while  a 
contribution  is  caused  by  resonances  wdth  external  structures.  The  RCS  reduction  in  the 
enclosure  from  9  to  1 1  Ghz  is  relatively  flat  because  that  is  the  enclosure's  transparency 
zone.  In  that  range,  the  enclosure  is  designed  to  allow  EM  transmissions  to  pass  through 
unhindered  by  reflections  at  the  enclosure's  surfaces,  thus  eliminating  the  possibility  of 
multiple  reflections.  In  principle,  it  would  be  possible  to  design  the  enclosure  with  the 
transparency  zone  anywhere. 

When  comparing  Figures  31  and  8  it  is  not  obvious  why  their  .diould  be  so  many 
peaks  in  the  enclosure's  RCS  reduction.  After  all,  Fig'.ire  31  and  Equation  (24)  show  that 
the  resonant  absorption  only  occurs  for  coincident  choice  of  the  plasma  ptirameters  and  the 
front-interface  reflectivity.  A  simple  explanation  is  that  the  plasma  density  is  neither 
constant  nor  uniform  within  th»e  enclosure.  As  the  density  rises  to  its  peak,  both  the  real 
and  imaginary'  parts  of  the  E.M-wave  propagation  constant  are  changing,  thus  making  it 
more  likely  to  satisfy  the  conditions  for  resonant  absorption.  The  other  feature  of  Figure 
31  seeking  explanation  are  the  dips  in  the  enclosure's  RCS  reduction.  If  we  assume  that 
the  ambient  extraneous  reflectivity  is  -20  dB,  then  most  of  the  dips  are  w  iihin  the  range  of  6 
dB  from  that  and  may  be  explained  as  part  of  the  internal  reflections  model. 

Some  of  the  dips  extend  much  farther  than  6  dB  and  they  are  probably  due  to  multiple 
reflections  from  external  structures. 


Peak  RCS  Reduction,  dB 


Figure  31.  RCS  reduction  vs  tiequeiicy  for  the  plasma-filled  enclosure.  I'he  RCSR  is 
relatively  Hat  in  the  enclosure's  transparency  /.(.)ne  (,d  lo  1 1  Cll/),  Imt  iliere 
is  substantial  .structure  elsewliere  due  to  interference  between  niulliple 
renections  within  the  enclosure  and  tlic  e.xternal  structures.  'I'he  RCS 
averages  to  a  nominal  value  of  -2()dB  over  the  frequency  band  which  is  in 
agreement  from  the  range  strobe  data  of  the  enclosure  system  that  showed 
that  the  e.xternal  structures  bad  a  radar  return  20  to  .^0  dB  below  the 
microwave  retlector's. 
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